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Laser ultrasonics is expected to provide a nondestructive evalua-
tion (NDE) method of materials in circumstances where liquid or gel 
coupler can not be used[1-6]. However, the main limitation of this 
technique is its low sensitivity compared with the standard piezoel~c­
tric transducer method. One of this reason is the low amplitude of 
acoustic waves that can be generated without damage. If one uses high 
peak power laser to generate strong acoustic waves, ablation damage of 
the surface is resulted [2] as illustrated in Fig.1 (a). Even in the 
thermoelastic regime, photodissociation may be introduced in polymers by 
repeated laser irradiation [3]. 
As an approach to increase the amplitude of laser generated SAW, 
Cielo et al proposed the converging SAW technique using a ring-shaped 
irradiation pattern [5]. The amplitude of the SAW at the center of the 
ring can be larger than 1 nm whereas the maximum surface temperature is 
1ess than 10' K. However, this method is not effective in anisotropic 
materials. 
In underwater ultrasonics, a totally different method of sound 
generation by using a rapidly scanned laser beam has been investigated 
[7-9]. Although generation of Rayleigh wave on solid by this method was 
also discussed [10,11], 1t has not been applied to NDE of materials. 
Furthermore, those works were limited to the acoustic waves without 
velocity dispersion. In technologically important plates and layered 
materials with velocity dispersion, no work had been performed concern-
ing the applicability of the scanning method and role of the phase and 
the group velocities. 
In this circumstance, the present authors proposed the phase 
velocity scanning (PVS) method of a laser beam to selectively generate 
single mode acoustic waves in multi-mode media. Spontaneous tone bursts 
were also observed for the first time in a plate with significant veloc-
ity dispersion [12]. In this paper, further details of the nature of 
acoustic waves generated by the PVS method is described. 
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THEORETICAL MODEL FOR PVS METHOD 
The basic principle of the phase velocity scanning method has been 
described in [10,12]. In media without dispersion the amplitude of SAW 
is linearly proportional to the scanning length as illustrated in Fig. 
l(b) if the scanning velocity V of the laser is equal to the Rayleigh 
wave velocity vR. Even if the scanning velocity is slightly different 
from vR' Rayleigh wave is still generated with reduced efficiency. Such 
a behavior is essentially a resonance phenomenon, which is described in 
a simplified model shown below. 
Assume that Rayleigh wave of a single frequency is generated at 
each point on the surface. This assumption is justified when narrow 
band detectors are employed, and extension to broadband case is done by 
integral with respect to the frequency. In one dimensional model, the 
observed waveform is a superposition of component waves generated at 
different positions on the surface and it will be expressed as 
i L/ 2 A(t,s)=Re exp[2;dF(t-sx)]dx 
-L/2 
(1) 
where s =l/V - l/vR is the mismatch in the slowness, or inverse velocity 
of laser scanning and Rayleigh wave propagation and L is the scanning 
length. F is the frequency and x is the generation of component waves. 
A constant phase factor depending on the position of observation is 
omitted. Equation (1) is readily integrated to give 
A(t, s)= [Lsin( 1& sL)/ (1& sL)] cos (21& Ft) (2) 
Eq. (2) shows that the amplitude of A(t,s) is proportional to L if 
s=o and it has a sinc function dependence against s which accompany 
zero's at integer multiples of l/FL. The width of resonance peak is 
estimated from the difference of first zero's 
A Cl/V) = 2/FL (3) 
When the velocity dispersion is significant, the simple model 
described above has to be modified. The frequency of generated SAW or 
Lamb waves is not only limited by the width of laser beam but also 
narrow band filtered by the dispersion curve itself [12]. 
A simple estimate of the incremental pulse width of the generated 
waves over the Rayleigh wave without dispersion is given by 
(4) 
where vp and v are the phase and group velocity. The right hand 
side of eq. (41 can be negative if vG > vp. The negative value indi-
cates that the actual pulse width is -T and the pulse arrives ea-rlier 
than dispersionless case such as Rayleigh wave. 
DESIGN OF HIGH PRECISION SCANNING APPARATUS 
The experimental set up to realize this method is illustrated in 
Fig. 2. A flush-Iamp pumped Nd:YAG laser beam with pulse width T of 2 
ms was deflected using a polygon laser scanner with maximum rotation 
speed of 24,000 rpm. It was focussed into a rectangular spot with 
length w of 10 mm and width d of 0.5 to 1 mm using a cylindrical lens 
with focal length f of 600 mm. The scanning velocity V of the spot was 
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Fig. 1 Comparison of two laser methods for generating acoustic waves. 
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Fig. 2 Apparatus for the generation of SAW's by scanning a YAG laser 
beam . 
controlled by varying the rotation speed of the mirror . Total scanning 
length L of the beam was varied between 0 mm and 65 mm by using a mask. 
The acoustic wave was detected using a piezoelectric transducer (Pana-
metrics A534S) with a surface wave wedge attach to the sampie . The 
distance x between the scanned area and detecting transducer was varied 
from 0 mm to 120 mm by translating the sampie. 
To trigger the YAG laser synchronously with the rotation of the 
mirror, index pulse was generated using a He-Ne laser beam reflected 
from the faces of polygon mirror. The index pulse was then frequency 
divided and trigger pulse of 1 to 2 Hz repetition was obtained . By 
using th i s trigger pulse it was ensured that the observed acoustic 
waves are generated by a fraction of the long laser pulse reflected by 
the same face of the polygon mirror. This triggering method is essen-
tial for excellent stability and reproducibility of observed waveforms. 
The fluctuation in time of arrival was suppressed to less than 100 ns. 
OBSERVATION OF RAYLEIGH WAVES 
On a thick aluminum plate of 6 mm, a broad band pulse of unidirec-
tional Rayleigh wave was observed. Fig. 3 is a waterfall plot of ob-
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Fig. 3 Observed waveforms of Rayleigh wave at various scanning velocity 
V (m/s). 
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Fig. 4 Amplitude of Rayleigh waves as a function of the scanning veloci-
ty V with the scanning length L as a variable parameter . 
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Fig. 5 Amplitude of Rayleigh waves at the resonance (V=vR) as a function 
of the scanning length L. 
served waveforms at x= 10 mm as the scanning velocity V was varied from 
2701 to 2980 m/s across Rayleigh wave velocity, vR' where the vertical 
axis is inverted to enhance clarity. The time delay of the oscilloscope 
was adjusted depending on the scanning velocity so that the center of 
Rayleigh wave pulse is always located at the same position in the time 
window. 
It is seen that the width of generated waves decreased as V ap-
proaches vR. Significant compression of wave packets at V=vR is clear-
ly visible. The amplitude of Rayleigh wave significantly decreased when 
the scanning velocity V increased or decreased by a few percent as shown 
in resonance curves in Fig. 4. At the same time the width of the reso-
nance peaks decreased as the scanning length L increased. The magnitude 
of the peak at V = vR increased linearly with the scanning length L as 
shown in Fig. 5. These observations are in quantitative agreement with 
eqs. (2) and (3). This result is a direct verifiction of the model of 
PVS method. 
OBSERVATION OF LAMB WAVES 
To investigate the effect of velocity dispersion on the nature of 
the acoustic waves generated by the PVS method, Lamb waves on an alumi-
num plate with thickness D from 1.2 to 1.9 mm were examined. 
When the scanning velocity was varied in a range from 2608 to 3204 
m/s on 1.2 mm thick plate, acoustic waves with different amplitude and 
duration were observed (Fig. 6). The time of arrival was clearly dif-
ferent for two groups depending whether the scanning velocity is larger 
or smaller than the Rayleigh wave velocity vR. This behavior is in good 
agreement with prediction made by eq. (4), if these two groups corre-
spond the So and AO mode Lamb waves. 
The power spectrum of typical Lamb waves (D=1.5 mm) are plotted in 
Fig. 7 for a number of scanning velocity V. It is seen that the width 
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Fig. 6 Observed Lamb waves generated by the PVS method on a 1.2 mm thick 
aluminum plate with different scanning velocity. 
of the peak is wider for the AO mode and narrower for the So mode as 
previously reported [12) . lt should be noted that small width of power 
spectra is necessary for precise frequency measurements. Since the band 
width is related to the pulse width of tone bursts. eq . (4) is important 
in designißg testing conditions of plates using PVS method. 
The frequency F of Lamb waves were evaluated from the peak of the 
power spectra . The value of product FD is plotted in Fig. 8 as a func-
tion of the scanning velocity V along the vertical axis. lt is to be 
noted that all data of D=1.2 , 1.5 and 1.9 mm fell on the same curve. 
In Fig. 8 . solid curve is the calculated phase velocity of the 
lowest symmetric So mode as a function of FD value along the horizontal 
axis . The dotted curve with larger velocity corresponds to the So mode. 
lt is to be noted that experimentally observed relation between V and FD 
fell on the calculated phase velocity dispersion curves. The agreement 
between the calculated and measured dispersion curves is excellent. The 
other two curves are the group velocity dispersion of the corresopnding 
modes. which are clearly different from experimental observation . 
These observations made above show that the phase velocity plays 
the dominant role whereas the group velocity specifies the pulse width 
of the generated waves. The PVS method can thus provide precise meas-
urement of phase ve]ocity dispersion which is related to thickness or 
elastic property of plates. as demonstrated in Fig . 8 . 
CONCLUSIONS 
We proposed the PVS (phase velocity scanning) method to efficient-
ly generates SAW's (surface acoustic waves) which potentially enhances 
the sensitivity and accuracy of the laser ultrasonics applied to non-
contacting and nondestructive evaluation of materials. The rapid scan-
ning of laser causes a heat pulse and the SAW generated by this heat 
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Fig. 7 Power spectra of Lamb waves on 1 . 5 DIrn thick Al plate generated by 
the PVS method . 
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Fig. 8 Relation between the frequency thickness parameter FD of generat-
ed Lamb waves and the laser scanning velocity V (closed circles). 
Dotted and solid curves are calculated phase velocities of the So and 
AO Lamb waves. Other two curves are calculated group velocities of the 
two modes. 
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pulse is coherently amplified when the dispersion is small. Then MHz 
range SAW with amplitude larger than 1 nm can be obtained whereas 
temperature increase of tested object can be suppressed less than l·K. 
In dispersive media, we discovered new spontaneous tone bursts 
with duration proportional to the difference in the inverse of phase and 
group velocities. Dispersion curves are easily and accurately obtained 
by changing the scanning velocity. 
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